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Abstract: In this paper the sensitivity of a 3D image- 
based ray tracing model for microcellular environments 
[l-21 is investigated. The variation of the received power 
is examined for different ray permutations and wall 
characteristics. The predictions of the different 
configurations are compared with narrowband 
measurements performed in a typical urban area. 
The analysis illustrates that with 5 orders of reflection 
and 1 order of diffraction the model produces reliable 
results. It is also shown that good agreement with 
measured results can be obtained for wall conductivity in 
the order of lO”S/m and values of relative permitivity 
around 5. 
I. INTRODUCTION 
During the last decade ray tracing has emerged as the 
dominant technique for small cell propagation modelling. 
Naturally, two of the most critical issues related to all 
propagation models are accuracy and sensitivity of their 
predictions [3-51. In [l-21 the model employed here was 
presented, in [3] its accuracy was investigated and in this 
paper the sensitivity of the power predictions to various 
input parameters is examined. 
The ray tracing algorithm is based on the theory of 
images. The model allows the rapid generation of complex 
channel impulse response characteristics and, with sufficient 
memory, can evaluate scenarios incorporating many 
thousands of objects. In this model a hybrid technique is 
applied where the object database is held in two dimensions 
but the ray-tracing engiine operates in three dimensions. The 
base station and the mobiles are assumed to remain below 
roof top height and based on this assumption, the buildings 
are modelled as infinitely tall. However, the antenna heights 
are specified and the ground is also considered. The rays are 
traced in 3D space and all reflections, transmissions and 
diffractions are computed using 3-D vector mathematics. 
This hybrid analysis allows factors such as polarisation and 
3D antenna patterns to be fully considered. For a more 
detailed description of tlhe model, see references [l-21. 
11. ME,QSUREMENT SET UP 
The power predictions of the model are compared with 
narrowband measurements taken in a typical urban area, in 
central Bristol, UK. The field trials were performed under 
the British Telecom VURI[ project [6] .  The measurement site 
(Figure 1) was a well developed urban area with multi-storey 
buildings. The transmitting antenna was on a mast at a height 
of 5m above ground level. The frequency was 1.823GHz and 
the transmitted power was 30dBm (including the cable and 
antenna losses). The receiver was at a height of 1.57m, 
mounted on a trolley which was slowly and carefully moved 
along the predefined route: shown in Figure 1. Both antennas 
were typical half wavelength vertically polarised dipoles, 
below the roof height of adjacent buildings. The test route 
includes LOS, NLOS and also deep shadow areas where 
energy can reach the receiver only through multiple reflected 
and diffracted rays. 
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Figure I :  Microcelluh map of the measurement area. 
The narrowband receiver used for the measurements 
recorded field strength against distance from the starting 
point, with a spatial sampling rate of 4cm. The fast fading of 
each measurement was extracted with a rectangular sliding 
window averaging process. A 10 wavelength window was 
chosen (equivalent to 1.67m), so that the measurements 
maintain their site specific information as much as possible. 
Six measurement runs were performed along the same route 
and with the same configuration. For more representative 
results (in order to remove localised temporal effects), the 
slow fading envelopes were averaged to produce a mean 
envelope. 
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111. MODEL SET Up AND COMPARISON BETWEEN 
MEASUREMENTS AND PREDICTIONS 
The Bristol building d 
Ordnance survey 'Landline' database. The map was then pre- 
processed to remove any redundant information and 
diffraction corners were automatically added. The simulated 
area (part of which is shown in Figure 1) is approximately 
500x500m2 and contains 438 walls. For the results shown 
below, the permitivity of the walls is ~ ,=5  and the 
conductivity 0=0.005 Sm-' [7-81, unless it is otherwise 
stated. The walls were assumed smooth and to have a 
thickness of 0.6m. Unlike the field trials, the space 
resolution between the prediction points was 0.5m. This is 
because the predicted received power which is produced as 
the sum of the power of the rays reaching the receiver, is 
inherently time averaged and no further action is needed to 
remove the fast fading. 
Figure 2 depicts the mean measured envelope, along with 
the predictions when rays with up to 7 orders of reflection 
and 2 orders of diffraction are considered in the model. The 
simulation results agree well with the measurement trend 
throughout the route, remaining within a few dB from the 
mean measurement for the majority of the receiver positions. 
The mean difference between the predictions and the 
measurements is 0.97dB with an RMS error of 3.4dB (all 
errors are calculated with both measurements and predictions 
in the logarithmic scale). 
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Figure 2: Model's prediction against mean measurement. 
Iv. INVESTIGATION INTO THE SENSITIVITY OF THE 
MICROCELLULAR RAY TRACING MODEL 
In this section the sensitivity of the microcellular 
propagation model to various simulation parameters is 
investigated. The variation of the received power is 
examined for different ray permutations and wall 
characteristics. Taking advantage of the narrowband 
measurements presented in the previous section, the power 
predictions are also compared with the measured results. 
IV.a SENSITIVITY TO THE MAXIMUM PERMITTED 
RAY INTERACTIONS WITH THE ENVIRONMENT. 
The basic propagation mechanisms used by the model are 
specular reflection, corner diffraction and wall transmission. 
In this section, the sensitivity of the microcellular model to 
the maximum permitted orders of reflection and diffraction 
is investigated. Although wall transmitted rays are also 
supported, this propagation mechanism is generally ignored 
for outdoor microcellular studies and only used in order to 
predict outdoor-to-indoor and indoor-to-outdoor coverage, 
Sensitivity to the maximum permitted order of reflection 
As depicted in Figure 3, results are compared for 3, 5,  7 
and 9 orders of reflection and 1 order of diffraction. At LOS 
areas, the signal level is the same for all the above ray 
permutations. At these areas the received power is 
determined by a few dominant rays, the direct together with 
some strong rays with only one or two orders of reflection. 
As the receiver enters into NLOS areas where the previously 
dominant rays cannot reach, higher orders of reflections are 
needed in order to obtain accurate power predictions. The 
more shadowed the NLOS area, the more reflections are 
required for the predictions to reach their final values. At the 
deep shadow areas between the second and third corner of 
the route (between -62m and 115m in Figure 3), the 
difference between the predictions with the highest (9) and 
the lowest (3) permitted orders of reflection is 9.6dB on 
average, while at some points, it is as high as 21.5dB. Along 
this section of the route, the predictions improve 
dramatically when the number of reflections increases from 3 
to 5.  
Table 1 depicts the error statistics of the results with the 
above model configurations in comparison with the mean 
measurement along the same route. The FWS error 
decreases with the increasing number of reflections. With 5 
or more reflections, in conjunction with 1 diffraction, the 
RMS error is below 3.9dB, while the mean error is less than 
0.9dB. 
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Figure 3: Power predictions for different number of maximum 
allowed reflections. 
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Mean error 
(dB) 
-2.2592 
0.3214 
0.7345 
0.8553 
3 refl. - 1 diff. 
5 refl. - 1 diff. 
7 refl. - 1 diff. 
9 refl. - 1 diff. 
Table 1: Mean and RMS errors with respect to the measured 
results. 
RMS error 
(dB) 
7.1741 
3.8421 
3.5416 
3.48 17 
Sensitivity to the maximum permitted order of diffraction 
The role of corner diffraction in the modelling of the 
outdoor environments is investigated here. Simulation results 
with 0, 1, 2 and 3 maximum orders of diffraction, together 
with 7 orders of reflection are compared with each other and 
with the narrowband measurements. As illustrated in Figure 
4, diffraction is a very significant propagation mechanism for 
the study of outdoor scenarios. When no diffractions are 
considered, only the channel characteristics of the LOS areas 
can be predicted, while for long sections of the route no rays 
reach the receiver, even after 7 orders of reflection (e.g. 
between 65.5, and 79.5,). Moreover in areas where strong 
reflections exist, diffraction affects the predictions by 
making smoother the transition from LOS to NLOS areas 
and in and out of the illuminated areas of strong reflections 
(between -115m and 150m and also from -179m and 
onwards). However, rays with as many as 3 diffractions are 
far too attenuated to inhence the model's predictions. The 
maximum difference be:tween the power predictions with 3 
and 1 orders of diffractions is 1.55dB. The RMS difference 
between the results with 3 orders and those with 1 and 2 is 
0.50dB and 0.08dB respectively. As shown in Table 2, in 
comparison with the me:asurements, the errors for 1, 2 and 3 
orders of diffraction are almost the same (in all three cases 
the mean and RMS errors are -0.99dB and -3.5dB, 
respectively). 
Mean error 
(dB) 
-12.5290 
I 0.7106 
0.9703 
0.9967 
7 refl. - 1 diff. 
7 Refl. - 2 Diff. 
50 100 150 200 
RMS error 
(dB) 
27.9838 
3.5355 
3.4017 
3.4095 
Distance (m) 
Figure 4: Power predictions for different orders of corner 
diffraction. 
Table 2: Mean and RMS errors with respect to the measured 
results. 
Number of traced rays 
Figure 5 shows the nurnber of rays detected by the model 
for different ray permutations and with power greater than a 
power threshold of -15OdBm (user definable). This is only a 
subtotal of the actual number of the traced rays at each point, 
since valid rays with power less than the predefined power 
threshold, are not considered. As expected, more rays are 
traced by the model as the maximum permitted interactions 
with the environment rises. The mean number of rays 
increases from 122 to 1037 as the reflections rise from 3 to 
9, with 1 order of diffraction. When 3, 5 and 7 orders of 
reflection and 1 diffraction are considered in the study, the 
rays found are 9.32%, 37.89% and 94.15%, respectively, of 
those traced when up to 9 reflections and 1 diffraction are 
permitted in the model. 
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Figure 5: The number of traced rays (with power > -1SOdBm) for 
different ray permutations. 
However, what is really striking is the complexity that 
each extra order of difkaction adds to the model. Each 
illuminated diffraction corner acts as a secondary source 
which launches rays in all directions. Moreover, each 
additional order of diffraction increases the flexibility of the 
rays and as a result, raises dramatically the total number of 
generated images and the traced rays at each receiving point. 
Hence, with up to 7 reflections and 0, 1, 2 and 3 orders of 
diffraction, the mean number of rays along the route is 15, 
984, 5234 and 7534, respectively, while for the same 
interactions, the maximum number of rays is 52, 2302, 
11756 and 17135, respectively. Most of these rays are very 
weak and do not contribute to the channel characterisation, 
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while the strong and most significant ones are only a small 
portion of the traced rays. Permitting up to 7 reflections and 
1 diffraction, the number of rays found with power greater 
than -1SOdBm, together with the number of rays for which 
the power is inside a 30dE window from the strongest ray at 
that specific point, are depicted in Figure 6. There is 
obviously a disproportional relationship between these two 
numbers. In Los areas where the model can trace many 
t h x ” s  of rays, only a few of them (less than 0.5%) are 
really important. As the mobile enters into M.,OS areas 
where less powerful rays exist, the Power levels fall and 
more rays are included in the 30dB window. In the best case, 
just 11.1% (340 rays) of h e  traced rays have Power inside 
the 30dB window. 
O.O005S/m), the power predictions do not alter considerably. 
Indeed, the mean difference between the results with very 
low conductivity (0 = lO-’’S/m) and those with 0 = 
O.O005S/m is just 0.59dB with a standard deviation of 
0.40dB, while their maximum difference along the route is 
2.13dB. By further increasing the conductivity by one order 
of magnitude (0 = 0.005S/m), a considerable drop in the 
received signal levels appears in the results. The power 
decrease is 2.66dB on average, but at certain receiver 
positions it is as high as 10.56dB. As the walls become more 
conductive (0 = lOS/m), the channel characteristics change 
significantly. expected, he received power increases 
dramatically (up to 38.16dB at certain points). AS depicted 
in Table 3, the mean error with respect to the measurements 
varies from 5.2dB to 3.5dB and thc RMS error from 3.9dB 
to 0.7dB as the conductivity values range from 10-”S/m to 
O.O005S/m. 
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Figure 6: Total number of rays (considering 7 reflections and 2 
di’actions) together with the number of rays inside a 30dB 
windowffom the strongest ray. Distance (m) 
Figure 7:Power predictions for various values of wall 
conductivity. Although at each point only a few of the traced rays 
contribute to the channel characterisation, it is important that 
the model can handle a very large number of rays, in order to 
produce reliable results for complex environments, even in 
deep shadow areas away from the transmitter. The outdoor 
model investigated here is capable of handling a very large 
number of rays and supports the wideband, as well as the 
narrowband, characterisation of complex microcellular 
environments. 
1V.b MODEL’S SENSITIVITY TO THE WALLS’ Table 3: Mean and RMS errors with respect to the measured 
Similar analysis is performed in order to examine the 
effect of the walls’ relative permitivity on the predictions. 
For this study, the conductivity is 0 005S/m. The power 
predictions are examined for wall permitivity 3, 3.5, 5 and 7 
(Figure 8). The predictions with pennitivity 3.5 and 7 are 
relatively close to the evaluations for e,. =5, with RMS errors 
of 2.3dB and 3.7dB, respectively, while the RMS error for & 
= 3 is 5.45dB. Generally, as the value of permitivity rises, so 
does the received power as well. For the whole route, the 
mean power for permitivity 3, 3.5, 5 and 7 is -54.84dBm, - 
5 1.53dBm, -49.84dBm and -47.28dBm, respectively. Table 
CHARACTERISATION results. 
In this section, the sensitivity of the power results to the 
walls’ electrical characteristics is investigated. Each object 
in the building database is characterised by its conductivity 
(0) and relative permitivity (E,). By changing one of the wall 
characteristics at a time, the sensitivity of the model to that 
parameter is evaluated. The results below are for 7 orders of 
reflection and 1 order of diffraction. 
First, the behaviour of the model is examined as the values 
of conductivity range from 10-12S/m to lOS/m while the 
relative permitivity of the walls is 5. As depicted in Figure 7, 
while the conductivity remains relatively low (10“’ - 
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4 shows the error statistics of all the above predictions with 
respect to the measurements. The resulting RMS errors 
fluctuate as much as 3.2dB. The RMS errors of the 
evaluations with permitivity 3.5 and 5 are both less than 4dB 
(3.98dB and 3.53dB, respectively). The worst error in 
comparison with the measurements is 6.70dB and occurs for 
% = 7  3.2146 
&= 3. 
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Figure 8: Power predictions for  different values of wall 
pennitivity. 
~~ 
I &= 3.5 r -0.9848 I 3.9895 I 
I G = 5  I 0.7106 I 3.5355 I 
V. DISCUSSION - CONCLUSIONS 
In this paper the sensitivity of the 3D ray tracing 
microcellular model presented in [ 1-21, was investigated. 
The variation of the predictions was examined for different 
ray permutations and wall characteristics (conductivity, 
permitivity). 
Ideally, for an outdoclr environment to be modelled, a very 
large number of ray interactions with the environment should 
be considered. The sensitivity analysis of the model to the 
maximum permitted rKy interactions illustrated that after a 
certain number of reflections and diffractions, the addition of 
extra orders did not affect the results, since at each point the 
predictions converged to a constant value. At LOS positions 
and in the regions where strong rays existed, a few orders of 
reflection were adequate to predict the received power, 
However, as the receivex moved into areas where only multi- 
reflected and diffracted rays could reach, more reflections 
and diffractions were needed in order to obtain reliable 
results. The great importance of diffraction in the outdoor 
environments was also illustrated since, despite the 
considerable complexity that diffraction adds to the model, 
without this propagation mechanism, the model could not 
give any predictions for the majority of the “LOS area. For 
up to 7 orders of reflection and 2 orders of diffraction the 
predictions were very close to the values of convergence. In 
this case, the RMS error. with respect to the measurements 
was 3.4dB. If the run-time is important, 5 reflections with 1 
diffraction appeared to be a reasonable compromise for a 
typical coverage study (R:MS error = 3.8dB). 
In order to analyse how the predictions of the model were 
affected by the values of conductivity and permitivity of the 
simulated walls, all the otgects in the building database were 
characterised by the same: set of values. By changing one of 
the wall characteristics at a time, the sensitivity of the model 
to that parameter was evaluated. It was shown that for the 
scenario under investigation (a typical urban environment in 
the centre of Bristol), good agreement with the measured 
power results (RMS error - 4dB) could be obtained for wall 
conductivity in the order of lO”S/m and values of relative 
permitivity around 5. 
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